The fate of toxic metals in marine sediments depends on a combination of the physical, chemical, and biologic conditions encountered in any given environment. These conditions may vary dramatically, both spatially and temporally, in response to factors ranging from seasonal changes and storm events to human activities such as dredging or remediation efforts. This paper describes a program designed to evaluate the interrelationships between the microbial community and pollutants in the New Bedford Harbor, Massachusetts, area, a U.S. Environmental Protection Agency designated Superfund site. Research has focused on establishing distributional relationships between contaminant metals, fluxes of metals between sediments and the overlying water, changes in microbial diversity in response to metals, and potential use of the microbial community as a biomarker of contaminant availability. This research has shown that a significant flux of metals to the water column is mediated by benthic biologic activity, and that microbial communities may be a responsive marker of contaminant stress. A combination of biogeochemical studies and the use of molecular tools can be used to improve our understanding of the fate and effect of heavy metals released to aquatic systems. Environ Health Perspect 106(Suppl 4): 1033-1039 (1998). http://ehpnet1.niehs.nih.gov/docs/1998/ Suppl-4/1033-1039ford/abstract.html
Introduction
New Bedford Harbor (NBH), Massachusetts, has a long history of anthropogenic contamination with bioaccumulation of both inorganic and organic pollutants in crustaceans, fin fish, and shellfish (1) (2) (3) . Metals discharged into aquatic ecosystems are likely to be scavenged by particles, leading to their accumulation in sediments (4) . A large reservoir of metals in the sediments can also act as a source to the overlying water column after their input to the ecosystem has ceased (5) , potentially leading to adverse ecologic effects (6) . However, the extent of the risks is difficult to accurately assess because of the complexity of biologic and chemical interactions that alter the bioavailability of metals. Release from sediments may not only result from resuspension of particulates, but also through the activity of microorganisms within the sediments and at the sediment-water interface, resulting in biotransformation to more volatile/soluble forms (7) .
Microbial communities respond rapidly to environmental change and this should be reflected in specific parameters (biomarkers) of microbial structure and function (8) . Lack of understanding of these interactions is in part due to the difficulty of characterizing microbial communities in environmental samples and in extrapolating laboratory-based data back to natural ecosystems (9) . Genetic exchange and selection are readily shown in laboratory cultures. However, the complexity of the natural microbial community, interactions between species, and the difficulties of in situ measurement with minimal disturbance to the system, have made evaluation of microbial response to chemical pollutants extremely difficult. Advances in molecular techniques are beginning to change this perspective (10, 11) .
Bioavailabiity ofMetals
Relationships between components of the aquatic environment and anthropogenic contaminants are not easily defined by purely analytical methods or toxicity testing methods such as selective extractions and elutriate toxicity testing. Recent research has shown that contaminants in interstitial water could be environmentally more significant than the adsorbed contaminants (12, 13) . In addition, the movement of contaminants, including pesticides, heavy metals, etc., is influenced by factors such as sorption, redox gradients, and pH, which in turn are greatly influenced by microbial communities and their activities. The bacterial community metabolism can affect valence states of metals via oxidation/reduction reactions, thereby altering the chemical speciation, fate, and the ultimate toxicity of the contaminant.
Many techniques to examine toxicity of contaminated sediments rely on bulk sediment testing and treat the processes controlling bioavailability as a black box (14 (26) , examination of DNA polymorphisms within the phycocyanin locus to determine genetic diversity and phylogeny of toxic cyanobacteria (27) , and comparisons of microbial community compositions using a back-propagating neural network and cluster analysis of 5S rRNA (28) .
As an alternative to complete sequence information, restriction fragment length polymorphism (RFLP) analysis of 16S rRNA gene sequences provides an indication of microbial community differences. Essentially, the PCR is used to selectively amplify 16S ribosomal DNA from genomic DNA extracts from environmental samples, using primers specific to conserved regions of the 16S rRNA genes. Clones derived from a library of 16S rRNA genes are then treated with site-specific restriction endonucleases and the restriction fragment length patterns are compared. For example, this technique has been used to estimate diversity and community structure of a microbial mat from a hydrothermal vent system (29) and uncultured microorganisms associated with seagrass (30) .
Comparison of rRNA sequences, unfortunately, does not provide a complete picture of sediment microbial diversity and community structure. A number of problems are associated with the technique: unknown species-to-species variation in rRNA genes; PCR may preferentially amplify certain rRNA genes, underestimating overall diversity; formation of chimeric sequences may occur, resulting from sequences of different species annealing to the same primary sequence (this would tend to overestimate diversity); and lack of quantitative methods to estimate species, i.e., 16S rRNA gene sequences, dominance (evenness), etc.
To begin to address the third problem associated with this technique, sequencespecific hybridization probes are developed for in situ hybridization of whole fixed cells in the original sample. For example, genes have been isolated that encode for degradation of a number of organic pollutants, including naphthalene and toluene, various polychlorinated biphenyl (PCB) isomers, 3-chlorobenzoate, and 2,4-dichlorophenoxyacetic acid (31, 32 Figure 3 , which shows the contribution of the three sources to the total lead burden. Figure 3 shows a peak in total lead at a depth of approximately 10 cm in both cores. However, the peak in the inner harbor core is due to source B, whereas the peak in the outer harbor core is due to source A.
Without the isotope data, one would conclude a similar source of lead to both locations given the similar depth profiles of total lead. It 
Microbial Community Responses
As part of a preliminary survey, initial work on pollutant effects on the structure and function of the microbial community examined colony formation as a function of metal concentration (42) . Certain contaminated sites within the NBH showed an apparent lower diversity of colony types than less contaminated sites; however, the data were inconclusive because of small Table 1 . Sediment-water fluxes of dissolved heavy metals normalized to sediment metal/organic carbon content measured in microcosms collected from New Bedford Harbor and Buzzards Bay. (44) . These results may be attributed to more available nutrients in the harbor relative to the bay. The inconsistency between these and earlier results is not surprising considering the now welldocumented limitations associated with culturing environmental isolates (8, 10, 11) . Within the harbor, chemical analysis of sediments is clearly sufficient to establish the extreme levels of pollution. However, biomarkers may be used to provide both a rapid evaluation of bioavailability and biologic effect. The NBH provides a highly polluted environment with a complex mixture of contaminants to begin to examine sediment microbial community DNA for specific patterns rather than specific markers. These patterns can then be compared to microbial community DNA along pollution gradients out into BB. Further analysis will allow identification of genetic markers of metabolic potential that might exist in this particular system. For example, based on initial bioavailability studies, selection for a Cd efflux system might be advantageous in the microbial population.
Molecular approaches are currently being used to test the hypothesis that bacterial species diversity in NBH sediments has changed because of input of heavy metals and synthetic organic compounds. Genetic diversity of microbial communities has been systematically characterized in highly polluted marine sediments along a contamination gradient from NBH out into BB (44) . Procedures entailed extracting DNA from surface sediments using adaptations of the techniques used by Tsai and Olson (45) . The methods involve amplification of 16S rRNA genes from purified sediment DNA using specific eu-bacterial primers via the PCR, subcloning the genes into Escherichia coli with the vector pCRII (Invitrogen, San Diego, CA) arbitrary endonudease digestions of unique 16S rRNA gene sequences, and resolution of the varying size DNA fragments by gel electrophoresis. These fragment patterns, RFLPs, were used to describe the genetic diversity. Figure 4 shows 
Discussion
The biogeochemical study of metal recycling at the sediment-water interface shows the role of biologic communities in the flux of metals from contaminated sediments to the overlying water and identifies different ranges of effects for different metals. This has broad implications for the role of wetlands and coastal marine waters as traps for specific contaminants and highlights the role of biologic activity in altering the Environmental Health Perspectives * Vol 106, Supplement 4 * August 1998 availability of heavy metal contaminants. It also indicates that contaminated sediments can remain a source of metals after their input to the environment has ceased, perhaps attenuating anticipated improvements in water quality.
The detailed study of partitioning of metals in sediments leading to uptake and bioaccumulation in the food chain is continuing. Metal speciation experiments are beginning to add to the understanding of bioavailable forms of metals and future research will address relationships between contaminant speciation and microbial response.
The distribution, transport, fate, and effects of heavy metal contaminants in aquatic ecosystems is a complex function of biologic and geochemical factors. Because of rapid selection pressures and/or genetic adaptation, the natural microbial community may provide a sensitive biomarker of environmental stress. However, considerable work is still necessary to identify either the key molecular tools or the specific markers that can be used to evaluate ecosystem health.
It is clear that any specific molecular approach is not necessarily going to directly reflect effects of exposure to an environmental pollutant or other form of stress. A combination of techniques is necessary to develop an approach to using the microbial community as an indicator of stress, including molecular approaches outlined above. In some cases, the more classical approach of enriching for specific organisms with resistive or degradative abilities may be useful. Subsequent analysis of these isolates can then lead to construction of function-specific probes.
Research in this area promises to provide a clearer understanding of microbial community responses to environmental stress. A combination of the fingerprint approach (rRNA), markers of microbial activity (mRNA), specific markers of catabolic or resistance genes, and better knowledge of metal speciation and availability will improve the understanding of these complex coastal ecosystems.
